Abstract Since the early observation that similarities between thyroiditis and insulitis existed, the important role played by inflammation in the development of diabetes has been appreciated. More recently, experiments have shown that inflammation also plays a prominent role in the development of target organ damage arising as complications, with both elements of the innate and the adaptive immune system being involved, and that cytokines contributing to local tissue damage may arise from both infiltrating and resident cells. This review will discuss the experimental evidence that shows that inflammatory cellmediated apoptosis contributes to target organ damage, from beta cell destruction to both micro-and macro-vascular disease complications, and also how alterations in leukocyte turnover affects immune function.
CKD
Chronic Very late-acting antigen-4
Introduction
Diabetes mellitus is a complex syndrome characterised by absolute insulin deficiency or resistance leading to hyperglycaemia, as a result of inadequate transport of glucose from the vasculature into fat and muscle. Diabetic patients exhibit altered glucose, fat and protein metabolism. These metabolic dysfunctions alter the cellular microenvironment in many different tissue types, resulting in a myriad of long-term effects that are collectively referred to as ''diabetic complications'' including microvascular complications such as diabetic nephropathy (DN), neuropathy and retinopathy along with macrovascular complications such as accelerated atherosclerosis causing ischaemic heart and cerebrovascular disease. Two major forms of diabetes occur-type 1 diabetes mellitus (T1DM) and type 2 diabetes mellitus (T2DM). T1DM occurs when the insulin-producing b-cells in the pancreas are destroyed, typically by an autoimmune, T cell-mediated mechanism, resulting in the production of insufficient amounts of insulin [1] . T2DM is caused by a resistance to insulin combined with a failure to produce sufficient insulin. T2DM is commonly linked to obesity, which can cause insulin resistance [2, 3] . Despite the different pathogenic mechanisms of T1DM and T2DM, they share common symptoms including glucose intolerance, hyperglycaemia, hyperlipidaemia and similar complications. A pivotal role for reactive oxygen species (ROS) has been proposed in both the development of insulin resistance and in the pathogenesis of complications of both the micro-and macro-vasculature [4] [5] [6] .
An inflammatory cell is by definition, any cell that participates in an inflammatory response and as such can be resident or infiltrating cells. Classical inflammatory cells include macrophages, lymphocytes, dendritic cells (DC), neutrophils and eosinophils. Inflammation plays an important role in many aspects of diabetes and related complications. Systemic levels of pro-inflammatory cytokines including tumour necrosis factor (TNF)-a, interleukin (IL)-1b and IL-6 are elevated in patients with both type 1 and type 2 diabetes. Increases in these cytokines can directly promote insulin resistance [7] [8] [9] . There is also a growing appreciation of the role of inflammation in diabetic complications [10] .
b-Cell apoptosis
The pancreatic b-cells of the islets of Langerhans are the sole source of insulin. Apoptotic destruction of the insulinproducing pancreatic b-cells is involved in the aetiology of both type 1 and type 2 diabetes. The onset of T1DM is relatively sudden and by the time of diagnosis b-cell mass is reduced by 70-80%. Apoptotic signals come from high concentrations of inflammatory cytokines or T cells in the islet microenvironment [11] . The pathogenesis of T2DM is more variable, comprising different degrees of b-cell loss relative to varying degrees of insulin resistance. A significant reduction in b-cell mass and a threefold increase in b-cell apoptosis is seen in patients with T2DM [12] . In T2DM, inflammatory cytokines are produced in insulinsensitive tissues leading to elevated circulating levels of IL-6 and TNF-a [13] . In addition, glucose has been reported to induce b-cell apoptosis via the induction of autocrine production of IL-1b by b-cells, which leads to increased expression of Fas and apoptosis [14] .
Type 1 diabetes
Much of our understanding of the role of inflammatory cells in diabetes has been generated from the use of animal models. The nonobese diabetic (NOD) mouse is a spontaneous murine model that closely mimics T1DM. In this context T1DM is attributable to the autoimmune destruction of the pancreatic b-cells [15] . A number of defects in the immune system of the NOD mouse have been reported, suggesting that the predisposition of NOD mice to T1DM is due to abnormalities in peripheral tolerance mechanisms [15, 16] . The nature of the immunological effectors that induce b-cell apoptosis in T1DM is still debated. Autoreactive T-cells and an inflammatory response in which TNF-a, IL-1b, IFN-c, perforin, granzyme B, Fas ligand (FasL), nitric oxide (NO), or a combination of all of the above, have been implicated [17] [18] [19] . It is most likely that these molecules act in synergy to induce caspase-3-dependent apoptotic signalling cascades [19, 20] .
Detection of T1DM in NOD mice is preceded by islet inflammation (insulitis). This occurs as a result of the infiltration of pancreatic islets with macrophages, DC, B cells, CD4
? and CD8 ? T cells. B cells account for 60-70% of the intra-islet immune cells [21] . The process of recruitment of T cells to pancreatic islets is not fully understood, however, it most likely involves the production of chemokines by local antigen presenting cells (APC). Prolonged insulitis leads to the preferential amplification of autoreactive CD8
? T cells with high affinity T cell receptors (TCR) [22] . These high affinity pre-cytotoxic T lymphocytes (CTLs) become differentiated into CTLs via TCR recognition of target peptide-MHC I complexes on local APC. Co-stimulatory pathways involving CD28-B7 are essential in this process [23] . CD8
? CTLs initiate the immune response via the production of perforin. Perforin is a key component of CTLs. NOD mice lacking the perforin gene develop insulitis but significantly delayed and reduced diabetes [24] . This supports a role for perforin, but also highlights the fact that other mechanisms are involved in b-cell destruction. This may be effected by CD4
? T cells via Fas/FasL interaction and production of the inflammatory cytokines IFN-c and TNF-a [25] . Binding of TNF-a and IFN-c to their cognate receptors on b-cells induces apoptosis through caspase cleavage or NO production via regulation of inducible NO synthase (iNOS) [26, 27] . IFN-c also enhances IL-1b production by APC which is also toxic to b-cells [28] . Proinflammatory cytokines, TNF-a, IFN-c, and IL-1b, can also upregulate Fas expression on b-cells, facilitating cell recognition, and also stimulate NO and ROS production, exacerbating cell death [29] [30] [31] [32] ] (see Fig. 1 ).
Type 2 diabetes
Similar to T1DM, T2DM is also characterised by progressive loss of b-cells. However, while the mechanism of b-cell apoptosis in T1DM is dependent on the infiltration of inflammatory cells, multiple pathways have been proposed to be involved in the destruction of b-cells in T2DM. These mechanisms include increased circulating cell nutrients [33, 34] , endoplasmic reticulum (ER) stress [35] , signalling factors from adipocytes [36] and more recently, infiltration of immune cells. The proinflammatory cytokine IL-1b is one of the unifying mechanisms of b-cell death in both T1DM and T2DM. Increased expression of IL-1b in pancreatic b-cells from patients with T2DM has been reported by a number of groups [14, 37] . Further to this, a clinical trial was conducted using the natural soluble IL-1 receptor antagonist (IL-1Ra) in T2DM [38] and improved glycaemic control was observed in IL-1Ra-treated versus placebo-treated patients, based on glycated haemoglobin levels. However, this study was limited by its short duration of only 13 weeks. Further studies evaluating the longterm use of IL-1Ra will determine if IL-1 antagonism represents a potential therapy in the preservation of b-cells in T2DM. Along with increased b-cell apoptosis, pancreatic islets from T2DM patients also present with amyloid deposits and fibrosis [39, 40] . These are hallmarks of an unresolved inflammatory response. Given that pancreatic b-cell mass is now known to be reduced in T2DM [12] , the immune system is most likely associated with the removal of these apoptotic cells. However, recent evidence indicates that islet macrophage infiltration occurs in human and animal models of T2DM before the onset of islet cell death [41, 42] .
B cells B cells are the predominant immune cell found in pancreatic islets. The high prevalence of intra-islet B cells is primarily due to their involvement in the priming and epitope spreading of CD4
? T cells [43] . In addition to this, pancreatic islet B cells have recently been found to promote the survival of activated CD8
? T cells at the transition stage [21] . In this study RIP-TNFa-transgenic NOD mice (NOD mice in which constitutive expression of TNF-a is achieved exclusively in islets as it is under the control of the rat insulin promoter [RIP]) were crossed with B cell-deficient NOD mice. B cell deficiency significantly delayed the development of diabetes but did not impair CD4
? and CD8 ? T-cell activation. Reintroduction of B cells incapable of secreting immunoglobulins restored diabetes development. Suppression of disease was in fact due to apoptosis of intra-islet cytotoxic T cells at the transition stage. B cell deficient NOD mice did eventually develop diabetes suggesting that the requirement for B cells can be compensated by some other cell type.
Treatment of diabetes
The main treatment for hyperglycaemia in patients with T1DM is insulin replacement, typically by injection of the recombinant hormone. More recently, pancreatic transplant has been demonstrated to prolong and improve the quality of life, however, the procedure requires major surgery and long-term immunosuppression [44] . The transplant of pancreatic islets has been reported as an alternative treatment that would accomplish insulin independence and completely correct the DM but without major surgery. However, \10% of patients remain insulin independent 5 years after islet transplantation due to allogeneic immune responses [45] . This low success rate occurs even when transplantation is accompanied by chronic immunosuppression which may be detrimental to the patient as it increases the risk of fatal opportunistic infections as well the adverse effects of intrinsic b-cell toxicity arising from such medication [46] .
Several methods have been employed in order to prevent the destruction of the transplanted b-cells. In order to maintain long-term graft function both alloimmune and autoimmune barriers must be overcome. As such, induction of tolerance is one of the main objectives in islet transplantation. Initial studies examined the potential of gene therapy in the treatment of T1DM, whereby pancreatic islets were transduced, before transplantation, with factors such as death ligands in order to eliminate autoreactive T cells by apoptosis. To date, various death ligands of the TNF family including FasL, TNF-a and TNF Related Apoptosis Inducing Ligand (TRAIL) have been tested for their ability to protect transplanted islets. In transplantation models, artificial expression of FasL on the islet transplant resulted in accelerated rejection of the graft by neutrophils [47, 48] . This is thought to be due to stimulation of IL-1b production by over-expressed FasL [49] . Similarly, islets transplanted from RIP-TNF-a NOD donors were rejected in diabetic NOD mice [50] . To date, no studies have investigated the effect of artificial TRAIL expression on islet transplantation. However, studies in two animal models of T1DM suggest that TRAIL expression may promote the downregulation of autoimmune inflammatory responses. Lamhamedi-Cherradi et al. [51] reported that blockade of TRAIL via injection of a soluble TRAIL receptor into NOD mice resulted in increased inflammation in pancreatic islets and earlier onset of diabetes. Similarly, TRAIL-knockout mice displayed enhanced islet inflammation and earlier onset of diabetes following low doses of the b-cell toxin streptozotocin (STZ) [51] . Although most normal primary islet cells express all four TRAIL receptors [52] , primary islets isolated from donors are resistant to TRAIL-induced apoptosis [53] . This may be due to the ratio of TRAIL death to decoy receptors on these cells. In fact, high levels of expression of decoy receptors have recently been demonstrated in human islets [54] . These results suggest that contrary to what was observed with FasL or TNF-a, TRAIL gene delivery into pancreatic islets may be therapeutically beneficial.
The above studies aimed to prevent the destruction of transplanted islets by inducing apoptosis in graft-specific activated T cells. Other strategies have been employed that aim to induce peripheral tolerance via induction and expansion of regulatory T cells (Tregs). Initial studies aimed to divert the immune response by expressing IL-10, which has anti-inflammatory properties including the inhibition of proinflammatory cytokines (e.g. IL-2, IL-12, IFN-c) [55] . In addition, production and action of IL-10 had been suggested to be deficient in both human patients and experimental models of T1DM [56, 57] . However, adenovirus-induced expression of IL-10 in islet grafts failed to prevent b-cell apoptosis and the recurrence of diabetes [58] . It has been reported that injection of CD4
? CD25 ? CD62L ? Tregs that have been expanded with antigen-pulsed DC and IL-2 into NOD mice blocked the development of diabetes in prediabetic mice. In addition, long-lasting reversal of hyperglycaemia was observed in 50% of mice in which overt diabetes had developed [59] . The main challenge is in obtaining sufficient numbers of alloantigen-specific Tregs [60, 61] .
Diabetic complications
Due to the increasing prevalence of diabetes, especially T2DM, complications secondary to diabetes are currently a substantial public health issue, in terms of disease burden and health expenditure [62] . Diabetic complications frequently reflect the impact of chronic hyperglycaemia, metabolic dysregulation, endothelial dysfunction and there is a growing body of evidence suggesting that inflammation, more specifically proinflammatory cytokines, play a key role in the development of diabetic complications including (DN) [63] , retinopathy [64] and neuropathy [65] and that diabetic complications may reflect impaired resolution of inflammatory processes [66] .
Impaired immune function
Patients with diabetes are considered to be at increased risk of bacterial, viral and fungal infections, and often experience more prolonged and serious infections [67, 68] . For example, hyperglycaemia is a risk factor for poor outcomes in patients admitted to ICU with sepsis [69] . Studies of the phagocytic and antimicrobial activities of neutrophils in diabetic patients have shown decreased chemotactic activity, decreased bactericidal activity, decreased lysosomal enzyme release, reduced ROS release, and impairment of phagocytosis [70] . It should be emphasised that the patients involved in these studies mainly had poor glycaemic control. The mechanisms underlying this have been investigated using both cell culture models and human ex-vivo studies, and involve impairment of the normal inflammatory response combined with hyperglycaemia-mediated alteration in lipid and protein function, leading to advanced glycation end products (AGEs) and methglyxol formation. Experiments in patients with both type 1 and type 2 diabetes have shown that increased inflammatory cytokine release may also play a role in this [71] [72] [73] .
A high occurrence of apoptotic lymphocytes has been shown in diabetic patients, resulting in reduced numbers of circulating lymphocytes in these patients [74] . Increased apoptosis of lymphocytes in patients with diabetes may explain the impaired immune function in poorly controlled diabetic patients. In particular, neutrophil apoptosis is an integral component of inflammation and its resolution.
Neutrophils from diabetic patients demonstrate defects in lipopolysaccharide (LPS)-mediated apoptosis. LPS inhibits apoptosis in normal neutrophils but fails to do so in diabetic neutrophils potentially compromising effective host defence [75] .
Macrovascular complications-cardiovascular disease and macrophage apoptosis
The risk of cardiovascular disease (CVD) is increased two to threefold in patients with diabetes with cardiovascular complications of diabetes including atherosclerosis, heart failure, diastolic dysfunction and cardiomyopathy, and arise as a result of increased dyslipidaemia, elevated levels of inflammatory mediators, coagulation factors, hypertension, hyperglycaemia and vascular dysfunction associated with insulin resistance [76, 77] . In addition, macrovascular disease has a more severe course in diabetics than in nondiabetics, with greater prevalence of multi-vessel coronary artery disease and more diffuse elongated atheromatous plaques in affected blood vessels [78] . Previously it was thought that this disease process was a manifestation of lipid accumulation in the arterial intima, in combination with the effects of cardiovascular risk factors such as hypertension, smoking and diabetes, however, recently there has been an appreciation of the importance of the role of inflammation.
Studies from both animal models and humans have shown that from its earliest stages of development, atherosclerosis contains a significant inflammatory component, that contributes to its progression and to the development of complications [79] . Although the evidence implicating inflammation in atherosclerosis and diabetes is wide ranging, a specific mechanism has not been identified to explain precisely why patients with diabetes are at increased risk of inflammation and atherosclerosis. It should be borne in mind that due to the chronic nature of complication development, many of the mechanisms implicated in atherosclerosis in diabetics are also seen in non-diabetics [76, 77] .
In the initial stage of atheroma formation, monocyte derived macrophages play a crucial role by internalising oxidised low-density lipoprotein (ox-LDL) through scavenger receptors, leading to the formation of what are termed foam cells [80] . During this process not only is the lipid altered but also the macrophage, which becomes trapped in the intima, contributing to lesion development, lipid accumulation and to vessel wall inflammation.
Apoptosis occurs in all cells of the atherosclerotic plaque, the significance of which depends on plaque stage, localisation and the cell type involved [81] . However, there is some experimental evidence to show that macrophages are more susceptible to apoptosis from a variety of stimuli, than vascular smooth muscle cells and endothelial cells [82] .
Macrophage apoptosis occurs during all stages of atherosclerosis, and with improvements in the development of mouse models it has been possible to explore the functional consequences at each stage of the disease process. In relatively early lesions macrophage apoptosis limits lesion cellularity and plaque progression whereas in advanced lesions, macrophages promote the development of a necrotic core, increasing plaque instability [83] . Bone marrow transplantation studies with mice deficient in apoptosis inhibitor expressed by macrophages (AIM) or Bax (a propapoptotic protein), suggest that enhanced macrophage apoptosis in developing foam cells limits lesion inflammation and progression [84, 85] . Macrophages are a potent source of proinflammatory cytokines and proteases, which may create the environment in which a previously stable plaque ruptures leading to an acute thrombotic event [86, 87] . A postmortem study of sudden cardiac death comparing morphologic findings of coronary atherosclerotic plaques in diabetics and non-diabetics has shown a larger necrotic core, increased inflammatory cell infiltrate, increased expression of the receptor for AGEs (RAGE) and increased macrophage apoptosis [88] . Increased apoptosis of insulin resistant macrophages and impaired phagocytic clearance of apoptotic cells by macrophages in atherosclerotic lesions may result in enhanced post-apoptotic necrosis, larger lipid-rich cores, increasing both inflammation and plaque instablility.
Macrophage death in atherosclerotic plaques is a multifactorial process depending on disease stage. Broadly speaking, the factors that influence this include: (1) apoptotic activation; (2) apoptotic inhibition; (3) endoplasmic reticulum activation; (4) macrophage receptors; (5) signalling pathway activation; (6) lipid metabolism; (7) impairment of efferocytosis (see Fig. 2 for summary overview of factors involved in macrophage apoptosis).
Apoptosis involves two main intracellular pathways with significant cross-talk between each [89] . Ligand binding to death receptors such as Fas and TRAIL has been termed the ''extrinsic pathway'' [90] . The ''intrinsic pathway'' centers around the mitochondria [91] , with the balance between pro-and anti-apoptotic Bcl-2 family members controlling the release of proapoptotic factors such as cytochrome C from the mitochondrial intermembrane space. Cytosolic cytochrome c then promotes caspase activation through apoptosome formation. Activation of these classical pathways has been shown to occur in macrophages with experimental evidence implicating the following: Bim [92] , Bax [93] , FasL [94] , caspases [95] , p53 [96] , Poly (ADP-ribose) polymerase (PARP)-1 [97] , peroxisome proliferator-activated receptor (PPAR)-a/c [98] , migration inhibitory factor (MIF) [99] , matrix metallo-proteinases (MMPs) [100] , Cathepsin L/K [101, 102] , lipoprotein-associated phospholipase A2 (Lp-PLA2) [103] , ox-LDL [104] and oxysterols [105] .
Ox-LDL has been implicated as a key initiator in a number of plaque promoting processes [106] receptor activation and activation of the intrinsic mitochondrial pathway involving Bcl-2, cytochrome c and caspase-3. The targeting of multiple pathways by ox-LDL underlines the importance of what has been proven in epidemiological studies to be a key risk factor clinically for cardiovascular disease. In addition, these data highlight the complexity of atheropathogenesis, with the likelihood that a multiple hit hypothesis rather than a single event is important in terms of disease progression. Balancing pro-apototic factors are a series of inhibitors of this process which include: Bcl-2 [107] , macrophage colony-stimulating factor (M-CSF) [108] , tissue inhibitors of metalloproteinases (TIMPs) [109] , survivin [108] , TOSO [110] , FLICE-like inhibitory protein (FLIP) [111] , Bfl-1, and Mcl-1 [112] . The importance of considering the temporal aspects of macrophage apoptosis in atherosclerosis is illustrated by recent work on survivin, a caspase inhibitor of the inhibitors of apoptosis (IAP) family, which is transcribed specifically during mitosis and is usually absent in normal adult tissues. Survivin expression seemed confined to CD68
? macrophages infiltrating early fatty streaks but was not detected in advanced lesions, which may indicate a biphasic role in the disease pathogenesis. Initial expression of survivin may promote macrophage accumulation in the vascular wall and plaque progression, while subsequent loss of survivin may contribute to plaque instability and apoptosis. Interestingly, one of the factors that led to decreased survivin expression in this study was ox-LDL, indicating another potential mechanism by which prolonged incubation with oxidised lipid contributes to macrophage apoptosis.
Activation of ER stress signalling pathways occurs following exposure to many of the risk factors for atherosclerosis and usually represents a protective response, for example protection against the accumulation of misfolded proteins. It is likely therefore that activation of these pathways acts in concert with many of the other mechanisms mentioned above. There are numerous potential causes of ER stress that have been implicated in atheropathogenesis, examples of which include: oxysterol [105] , NO [113] , ubiquitin-proteasome system (UPS) [114] , insulin resistance [115] , unfolded protein response (UPR) [116] , forkhead transcription factor (FoxO)1 [117] , calcium [118] , 7-ketocholesterol [119] , NADPH oxidase [120] . Insulin resistance is a well documented risk factor for atherosclerosis, however the exact mechanism remains unknown. Studies of mice with insulin receptor deficient macrophages have shown diminished Akt phosphorylation and an augmented ER stress response, leading to the induction of macrophage scavenger receptor A (SR-A) and increased apoptosis when challenged with cholesterol loading or nutrient deprivation. Furthermore, it has been shown that a major underlying mechanism involves increased activity of FoxO transcription factors. FoxO1 induces expression of IjB, blunting the p65/NF-jB response that is characteristic of the response of maladaptive proteins to ER stress, with proapoptotic and antiinflammatory consequences.
In order to enter the subendothelial space, blood monocytes must cross the vascular endothelium where differentiation into macrophages occurs. Leukocyte and endothelial cell adhesion molecules such as intercellular adhesion molecule-1, vascular cell adhesion molecule-1 (VCAM-1), very late-acting antigen-4 (VLA-4), P-selectin, L-selectin, and CD18, along with chemoattractants such as monocyte chemotactic protein-1 (MCP-1), are involved in this process to differing degrees, depending on a variety of circumstances. It would therefore follow that these factors would play a role in atheropathogenesis. There is some experimental evidence to show that targeting chemotactic factors and adhesion molecules does decrease plaque size and macrophage infiltration without affecting plasma lipid levels [121] . Furthermore, activation of macrophage receptors, apart from those mentioned as part of the extrinsic apoptotic pathway, have been shown to promote macrophage apoptosis in models of atherosclerosis. These receptors include: LDL receptor-1 (LOX-1) [122] , SR-A, CD36 [123] , toll-like receptors (TLRs) [124, 125] , canabinoid 2 (CB2) receptor [126] , Mertk [127] , prostaglandin receptor EP-4 [128] , TNFR [129] , interleukin-1 receptor-associated kinase (IRAK) [130] , and phospholipase C (PLC)-b [131] .
Over 30 years ago it was discovered that macrophages can take up and degrade modified LDL. Since then cloning studies have revealed multiple scavenger receptors that can endocytose modified LDL [132] . These receptors have been shown in-vitro to drive foam cell formation, and more recently to be involved in pro-apoptotic signalling. These studies again demonstrate the convergence of several different mechanisms in the induction of apoptosis in macrophages. Namely, the activation of SR-A and TLR4 by SR-A ligands, combined with CD36 and TLR2 activation by oxidised phospholipids in ER-stressed macrophages. Examples of ligands binding such receptors and triggering apoptosis have included modified LDL, advanced glycation end-products, b-amyloid and bacterial products. In insulin-resistant macrophages both CD36 and SR-A are post-transcriptionally upregulated by distinct mechanisms. Increased expression of CD36 is associated with enhanced recycling of the receptor to the cell surface, and to defective macrophage PI3 K activity resulting in decreased Akt phosphorylation [133] . Insulin resistance acts on multiple targets to promote atherosclerosis, via dyslipidaemia (increased VLDL, decreased HDL), hypertension, a hypercoagulable state, endothelial dysfunction, and increased smooth muscle proliferation. This ineffective insulin signalling therefore affects all cells of the arterial wall, including macrophages, with insulin resistant macrophages being more susceptible to ER stress and apoptosis in response to ox-LDL [134] . Again a convergence of various different mechanisms can be seen to promote apoptosis of insulin-resistant macrophages including increased ER stress, scavenger receptor and TLR activation and oxidative stress, combined with decreased Akt signalling. However, it must be emphasised that abnormal Akt activity, even in the absence of insulin resistance, may lead to endothelial dysfunction and is associated with increased expression of inflammatory cytokines, adhesion molecules and accelerated atherosclerosis [135] . Other signalling pathways implicated in macrophage apoptosis in atheropathogenesis include: ERK/MAP kinase [136] , NF-jB [137] , AP-1, c-JUN, c-FOS [138] , JNK, STAT1, p53 [139] , TRAIL [129] .
From an early stage in atheropathogenesis it is clear that ox-LDL plays an important role in plaque development. In contrast to the extensive accumulation of cholesterol fatty acid esters in early lesional macrophage foam cells, macrophages in advanced atherosclerotic lesions show accumulation of large amounts of free cholesterol (FC), presumably caused by failed cholesterol esterification by acyl Co-A: cholesterol acyltransferase (ACAT) and diminished cholesterol efflux. Both of these factors can induce apoptosis in cultured macrophages and there is evidence to support this effect in plaque development. However, the form in which this lipid occurs has also been shown to be important, with minimally oxidised LDL, common in early lesions, countering ox-LDL-induced and FC-induced apotosis via Akt-dependent process both in culture and in vivo [140] . Indicating that at an early stage this process may contribute to foam cell proliferation and lesion development.
The importance of lesion stage on macrophage apoptosis was highlighted above. Processes that decrease macrophage accumulation at an early stage, such as apoptosis coupled with phagocytic clearance, can inhibit lesion progression. In advanced lesions macrophage apoptosis that proceeds at a rate that exceeds that of phagocytic clearance further increases local inflammation and tissue destruction, leading to expansion of the necrotic core and to the formation of an unstable plaque [141] . Furthermore, it is likely that in such a proinflammatory cytokine milieu the M1 proinflammatory macrophage phenotype predominates rather than the M2 pro-resolution phenotype [142] . As discussed above, ox-LDL plays a key role in plaque development via multiple different mechanisms. Ox-LDL has also been shown to inhibit efferocytosis whilst encouraging lipid uptake, in a process that involves TLR activation [143] . Other receptors implicated in macrophage efferocytosis in atherosclerosis include: Mertk [127, 144] , apolipoprotein E (APOe), Fas, transglutaminase-2, complement protein C1q and lactadherin [145] .
Diabetic nephropathy
Diabetic nephropathy is the commonest cause of end-stage renal disease (ESRD) worldwide and affects 25-40% of patients with diabetes [146] . Early alterations in DN include glomerular hyperfiltration, glomerular and tubular epithelial hypertrophy and the development of microalbuminuria. This is followed by glomerular basement membrane thickening, accumulation of mesangial matrix, overt proteinuria and progressive loss of kidney mass associated with the development of glomerulosclerosis and tubulointerstitial fibrosis (TIF) leading to ESRD [147] . A recent study has demonstrated sixfold higher levels of apoptosis in glomeruli of T2DM patients with DN, and a threefold increase in apoptotic cells in kidney tubules when compared to normal controls [148] . Although mesangial cells and podocytes have been proposed as the major targets of cell damage in DN, a growing body of evidence suggests that inflammatory processes and immune cells are involved in both disease initiation and progression. Increased monocytes/macrophages have been reported in glomeruli of patients with DN [149, 150] . In addition, increased expression of cytokines including IL-6 and MCP-1 have also been reported in diabetic glomeruli [151] . These cytokines may mediate monocyte/macrophage infiltration.
Renal fibrosis is the inevitable consequence of an excessive accumulation of extracellular matrix that occurs in virtually every type of chronic kidney disease (CKD). Progression of kidney disease, irrespective of the initial cause, often results in widespread scarring with complete destruction of renal parenchyma. Underlying cellular events in this process are complicated and include: mesangial and fibroblast activation, fibrocyte recruitment, tubular epithelial-mesenchymal transformation (EMT), macrophage and T cell activation and apoptotic events [152] . TGF-b1 plays a key role in regulating the pathological changes of DN that lead to tubulointerstitial fibrosis (TIF), interstitial myofibroblast activation, transformation of tubular epithelia into myofibroblasts and increased connective tissue growth factor (CTGF) expression. TGF-b1 has also been impliacted in mediating some of the pro-fibrotic effects of the renin-angiotensin-aldosterone (RAAS) pathway activation [153] . Targeting such a mediator for therapeutic intervention would seem attractive, however, due to the pleiotropic effects of TGF-b1, direct modulation is not possible. As such there has been some interest in generating modulators of specific targets of TGF-b1 signalling reported to be involved in DN. These include Smad7, bone morphogenetic protein (BMP) 7, CTGF, hepatocyte growth factor (HGF) and more recently induced in high glucose-1 (IHG-1) [154] . IHG-1 is a mitochondrial protein upregulated by high extracellular glucose concentrations, the exact function of which remains unknown. Murphy et al. present evidence of upregulation of IHG-1 in renal biopsies in patients with DN and in an in vivo model of renal fibrosis. Importantly IHG-1 was found to amplify TFG-b1-dependent signalling by increasing phosphorylation of Smad3.
In principle, renal fibrosis represents a failed wound healing process of the kidney after chronic sustained injury. Important cell types in this process include macrophages and T cells. Macrophages are an important source of TGFb1 and induce fibroblast activation with deposition of excess extra-cellular matrix. During fibrosis, tissue structure alters such that capillary blood supply may be lost, further increasing oxidative stress, hypoxia and inflammation, unless adequate neo-vascularisation occurs and it is in this setting that the persistence of macrophages and lymphocytes play a prominent role [155] .
Exploring the role of macrophages in renal disease has led many investigators to consider manipulation of factors that attract these cells to the site of injury. One such approach involved using a chemokine receptor (CCR)1 antagonist, which has been shown to provide protection from tubulointerstitial injury without impacting glomerular pathology or proteinuria in db/db mice [156] . This was attributed to decreased recruitment of macrophages to the renal interstitium. Decreased renal recruitment of macrophages in SR-A -/-diabetic mice relative to wild type controls has also been demonstrated and this was associated with resistance to DN and reduced microinflammation [157] . MCP-1 and chemokine ligand 2 (CCL-2) have been proposed as novel diagnostic markers and therapeutic targets for DN [158] . It should at the same time be emphasised that recent experimental work has elucidated the apparent heterogeneity in the macrophage population, namely the M1 and M2 phenotype as mentioned earlier. Although macrophages are widely recognised as contributing to the pathogenesis of renal fibrosis, they may also play beneficial reparative and remodelling roles during tissue repair [159] Whether a particular macrophage phenotype is beneficial is dependent on the phase of inflammation, M1 macrophages may induce apoptosis of host tissue cells through release of proinflammatory mediators such as TNF-a thereby inducing tissue injury, however apoptotic cells are rapidly recognised by macrophages with this process promoting differentiation into the M2 phenotype. Wang et al. polarised macrophages in vitro to an M2 phenotype by stimulating with IL-4/IL-13. Adoptive transfer of these M2-polarised macrophages by systemic injection after the onset of chronic inflammatory renal disease, promoted downregulation of inflammatory cytokine and chemokine expression by host infiltrating macrophages and limited tissue destruction [160] . Therefore promoting such a process may serve to promote resolution by encouraging nonphlogistic phagocytosis of apoptotic cells, an example of which is the use of lipoxins which have been shown to encourage efferocytosis of apoptotic neutrophils [161] , promote resolution of mesangioproliferative nephritis [162] , protect from ischaemic acute renal failure [163] , and show pro-resolution properties in other in vivo models of inflammation [164] .
Activated T cells are also associated with DN. T cell accumulation has been reported in the juxtaglomerular apparatus of patients with type 1 diabetes [165] . Expression of the adhesion molecules lymphocyte-function-associated antigen-1 and ICAM-1 is found on renal epithelial, endothelial and mesangial cells. Interaction with these adhesion molecules would facilitate T cell migration into the kidney. Secretion of proinflammatory cytokines such as IFN-c by T cells would increase inflammation and oxidative stress within the kidney.
Diabetic retinopathy
Diabetic retinopathy (DR) is the most common cause of blindness in the working population and with time, occurs in nearly all patients with T1DM and in more than half of patients suffering from T2DM [166] . Although clinical trials have shown that good glycaemic control can reduce the development of DR [167, 168] , studies reveal that vision threatening retinopathy usually occurs as a result of neovascularisation in type 1 and maculopathy in type 2 patients [169, 170] . Retinal complications arise from neurological abnormalities, metabolic imbalance and microvascular dysfunction reflecting endothelial cell dysfunction, vessel leakage and occlusions. Current therapeutic modalities are ineffective against restoring diminished visual acuity and rest primarily with good glycaemic and blood pressure control, with laser photocoagulation being reserved for proliferative DR and maculopathy. Greater understanding of the molecular mechanisms involved in DR should therefore yield further therapeutic options. However, to date, although in vivo rodent models and in vitro culture have offered insight into early retinopthy, there is currently no reliable model for proliferative retinopathy [171, 172] .
Diabetic retinopathy represents the combined effect of numerous biochemical alterations that occur due to high glucose and that take place in the retina, in particular the vascular endothelial cells and pericytes. The retinal endothelial cells incorporate glucose via glucose transporter-1 [173] , leading to intracellular accumulation of glucose which leads to the activation of various pathways, that mirror other microvascular complications. This endothelial cell dysfunction arises as a result of impaired NO bioavailability, oxidative stress and increased polyol pathway activation and AGE formation, which in combination lead to activation of intracellular signalling pathways involving PKC, PKB, and MAPK, finally culminating in induction of the pro-inflammatory transcription factors such as NFjB and AP-1 [174] . TNF-a has also recently been implicated in the loss of retinal microvascular cells that occurs early in the pathogenesis of DR [175] . This study demonstrated that intravitreal injection of the TNF-specific inhibitor pegsunercept reduced the number of apoptotic endothelial cells, pericytes and microvascular cells in models of both T1DM (STZ rats) and T2DM (Zucker diabetic fatty rats).
NF-jB is a widely expressed inducible transcription factor that is an important regulator of many genes involved in mammalian inflammatory and immune responses, proliferation and apoptosis. Evidence supporting the role of NF-jB in the early stages of DR comes from studies in which proteins, whose expression is regulated by NF-jB, such as iNOS and ICAM, were inhibited [176, 177] . Inhibition of these proteins prevents diabetes-induced apoptosis of retinal capillaries. In addition, compounds which inhibit NF-jB such as aspirin, which forms part of the therapeutic armamentarium, also block DR development [178] .
Diabetic neuropathy
Diabetic neuropathy affects over 50% of patients with diabetes and represents the most common cause of foot ulcers and non-traumatic amputations in the western world [179] . Although there has been significant progress in the understanding of the clinical aspects of these conditions, many questions remain unanswered in terms of causation, risk factors, genetic susceptibility, effective treatments, restoration of nerve functions and pain management. The major handicap in studying diabetic neuropathies is the lack of a suitable animal model that addresses both the acute and chronic events in its pathogenesis. In common with other microvascular complications of diabetes, the major risk factors are glycaemic control and duration of diabetes and there are no other treatments to slow the progression or delay the development of diabetic neuropathy [180] . The pathogenesis reflects a multifactorial aetiology that involves both hyperglycaemia-induced damage to nerve cells and axons, and neuronal ischemia caused by hyperglycaemia-induced decreases in neurovascular flow [181] . Analagous to the molecular mechanisms behind DN, a combination of oxidative stress and hyperglycaemia activate the detrimental pathways of AGE, polyol, hexosamine and PKC pathways which lead to redox imbalance, gene expression disturbances, and further oxidative stress and in turn further inflammation and neuronal dysfunction. These pathways combine to result in increased activation of NF-jB and production of proinflammatory cytokines such as TNF-a, further activating local endothelium, increasing inflammatory infiltrate, cytokine release and local tissue damage [182] . Activation of NF-jB and other transcription factors by high glucose and oxidative stress leads to upregulation of iNOS, cyclooxygenase-2 (Cox-2), cell adhesion molecules and inflammatory genes [183] . More recently the EURODIAB study has further emphasised the importance of inflammation by showing that Hsp27, part of the TNF-a signalling pathway that leads to release of the inflammatory mediators Cox-2, IL-6, and IL-8, was elevated in the blood of diabetic patients with neuropathy [184] .
Conclusion
The loss of pancreatic b-cells in T1DM occurs as a result of apoptotic signals from high local concentrations of inflammatory cytokines and T cells in the islet microenvironment. As such, many current treatment strategies are focussed on preventing the destruction of transplanted islets through the induction of apoptosis in graft-specific activated T cells. Other regimens aim to induce peripheral tolerance by the introduction of anti-inflammatory Tregs into the pancreatic islets or the expansion of resident Tregs in order to suppress the autoimmune destruction of the insulin-producing cells. Similar to T1DM, T2DM is also characterised by progressive loss of b-cells. Many pathways have been proposed to be involved in this apoptosis including increased circulating cell nutrients and ER stress. However, the infiltration of immune cells has also been implicated. The proinflammatory cytokine IL-1b represents a common mediator of b-cell death in both T1DM and T2DM.
Diabetic patients have a two to fourfold increased risk of developing microvascular and macrovascular complications and despite the well documented benefits of controlling blood glucose, hypertension and dyslipidaemia, these therapeutic strategies cannot reverse the target organ damage that many diabetic patients encounter. Furthermore, with the expected increase in the prevalence of DM over the next 20 years, new therapeutic options are urgently needed and are best delivered through improved understanding of the molecular mechanisms behind these complications. Diabetic complications arise against a background of dysregulated metabolism, endothelial dysfunction and a pro-inflammatory state that precedes the development of diabetes and its complications. Both the microvascular and macrovascular complications highlight the process that results following failed resolution of inflammation after chronic sustained injury arising from dysglycaemia and dyslipidaemia. As outlined in this review, failure to remove apoptotic cells efficiently further contributes to local tissue damage and organ destruction. Effective efferocytosis depends on crosstalk between resident cells, leukocytes and lymphocytes with macrophages playing a key effector role both in tissue destruction and in tissue resolution. The plasticity in terms of cell phenotype is particularly illustrated in terms of the macrophage and its ability to localise to the site of tissue destruction makes it an appealing target for promoting inflammatory resolution in future research.
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